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Abstract 
The paper features the advantages and disadvantages of the modern generation of the foil bearings. The calculation diagrams are 
provided for the dynamic characteristics evaluation and the character trajectories of the rotor’s center. The technique is described 
for the rotor’s motion stability analysis. The concept of the modernized bearing design is suggested and justified. 
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1. Introduction 
Due to the broadening of the frequency ranges of the high-speed rotors, more attention is drawn to the gas 
lubricated bearings. The most widely used bearings of this type are the gas-dynamic bearings. This class, similarly to 
the bearings with hard surfaces, are divided into single-foil and multi-foil, the difference between them is in the 
number of top foils, made usually out of antifriction materials. However, the applicability of such bearings is limited 
by their load capacity and stability. Russia, China, the USA and other countries are working on solution to this 
problem [1]. 
Scientists, considering the load capacity characteristic, divide the foil gas-dynamic bearings into three 
generations, design differences of which are in the increased stiffness of the top foil, which is achieved by means of 
introducing various segment and corrugated bump foils or in the new materials with increased stiffness (figure 1). 
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Fig. 1. Generations of the foil bearings. 
Single-foil gas-dynamic bearings have a higher load capacity [2], but with an increase in the rotational frequency 
the vortex instability of the rotor’s motion can take place. Multi-foil bearings do not allow this, in other words, they 
operate under the limited imbalance. If the inner surface of the bearing has a multi-wedge shape, the load is 
distributed more evenly, which leads to the decrease of the pressure in the radial gap and lower load capacity. So, the 
load capacity of a multi-foil bearing is lower than of the single-foil bearing, but the rotor stability is higher [3,4]. 
So, it is reasonable to consider a hybrid bearing – a foil gas-dynamic bearing with a system of operation mode 
switch, and it would encapsulate the advantages of single-foil and multi-foil bearings, and is free from their 
disadvantages. Application of such bearings allows significantly increase the reliability of high-speed rotors, 
increase their life-time expectancy, dynamic characteristics and the range of application. 
2. Construction and mathematical modeling 
The rotor-bearing system of a modern high-speed turbine with foil gas-dynamic bearings is a complex system, 
which consists of constantly interacting elements: a rotor, a bearing’s sleeve with the foils mounted on it, and a fluid 
film preventing two surfaces from contact and transferring the load from the rotor to the housing of the machine. 
Generally, every element which obtains dynamics characteristics (elastic, damping, inertia properties) is able to 
influence significantly the deformation, thermal and vibration processes. The dynamic behavior of the rotor, 
supported by the foil gas-dynamic bearings is determined by the non-stationary forces acting on it, disturbing forces 
and bearing’s reactions (figure 2).
 
 
Fig. 2. Diagram of the acting forces. 
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The stability analysis of the rotor’s displacement requires the solution of the characteristic equations of motion, 
which are studied on the basis of the theory by Lyapunov [5]. Such approach leads to the equations of the disturbed 
motion solutions using the criteria by Routh – Hurwitz, Nyquist, Mikhailov, etc. 
Motion equations of a rigid rotor in the elastic bearings: 
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where RX, RY –projections of the reactions of the fluid film on the corresponding coordinate axes. 
Linearization of the hydrodynamic reactions is implemented assuming the smallness of the disturbances in the 
neighborhood of the equilibrium position. As a result, the reactions of the bearings are obtained, expressed with the 
terms of dynamic coefficients:  
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where RX0, RY0 –fluid film’s reaction, determined in a stationary position on a curve of a dynamic equilibrium; 'X, 
'Y – amplitudes of the rotor’s displacement; KXX,..., KYY, BXX,..., BYY –dynamic stiffness and damping coefficients of 
the fluid film (figure 3,a). The general technique of the stiffness and damping coefficients calculation can be divided 
into related parts (figure 3,b-c), which are formed by the rule of series of connected springs [6]. 
 
Fig. 3. (a) calculation diagram of the foil gas-dynamic bearings; (b) calculation diagram of a journal single-foil gas-dynamic bearing; (c) 
calculation diagram of a journal multi-foil gas-dynamic bearing. 
Gas film reactions in the equations (1) and (2) are determined by means of integration of the pressure distribution 
of a corresponding foil gas-dynamic bearing: 
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In order to obtain the pressure distribution in the fluid film, the Reynolds equation is used for a case of a bearing 
lubricated with gas: 
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where p=p (ș, z) – gas pressure, ȡ – density, ȝ – viscosity, Ȧ – angular velocity, R–inner radius of a bearing, Kș and 
Kz turbulence coefficients. 
Radial gap function, consisting in the Reynolds equation (4), can be expressed as follows [6]: 
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where h0 – initial radial gap, ײ – foil’s deformation (surface displacement in a radial direction), e – eccentricity,       
ș – calculation angle, ĳ – angle of the rotor’s position relatively to the bearing’s center. 
3. Modeling results 
The results of the Reynolds equation’s (4) solution are the corresponding pressure distributions for the single-foil 
(figure 4, a) and the multi-foil (figure 4, b) bearings [7-9].
 
 
Fig. 4. (a) pressure distribution of the single-foil bearing; (b) pressure distribution of the multi-foil bearing. 
In the figures 5 and 6 the character trajectories are shown, and the according the relative eccentricity of the rotor 
chart. The pictures show the influence of various characteristics of the system on the rotor’s dynamics on two 
similar bearings. The results reflect the general pattern of a dynamic behavior of such systems [10,11]. 
A balanced rigid rotor when the displacements are relatively small, gradually approaches the stationary position 
on the curve of dynamic equilibrium (figure 5). Moreover, with the increase of the rotational speed, the relative 
275 A. Sytin et al. /  Procedia Engineering  150 ( 2016 )  271 – 276 
eccentricity of an equilibrium state decreases, and so the rotor moves towards the rotor’s center. When the rotor’s 
position deviates from this point due to the disturbing forces, the rotor’s trajectory would seek stationary state. 
 
 
Fig. 5. Stationary position of a balanced rotor. 
With the increase of the rotational frequency the eccentricity of the rotor reduces until it reaches the minimum, 
depending on the operational mode and the design. If the rotation frequency increases further, the process would be 
accompanied by the cycles, the amplitudes of which is going to grow gradually until it fill the bearing. The angular 
speed of a whirl (precession frequency :) with a growing speed will be approaching :/Z = 0,5, which corresponds 
to a classic half-speed whirl, usually occurring in the hydrodynamic bearings (figure 6). The amplitude of a whirl 
increases with every revolution and at a specific frequency reaches the boundaries of the radial gap, which means 
there is contact between the surfaces of the bearing and the rotor, which in its turn indicates the instability of the 
rotor’s motion [10,11]. 
 
Fig. 6. Half-speed whirl of an unbalanced rotor. 
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Analysis of all the possible trajectories of the rotor under the action of such system allows evaluation of the 
chosen operational and geometric parameters of the rotor system and the whole machine, and adequately choose an 
approach to designing the rotor system in terms of the operating and technological requirements and stable operation 
of the bearing on the operational frequencies and during the transition processes. 
One of the promising directions of increasing the vibration stability of rotor systems is the use of the equipment 
which allows controlling the radial rotor’s displacements. Their operation principle is analog to the similar devices 
for the magnet bearings. Sensors, located around the rotor, acquire data on the rotor’s displacement. The measuring 
system, which includes special software to visualize and process the signals, controls the motion parameters and, if 
necessary, generates a control signal, which switches on some specific elements on an electromagnetic mechanism, 
essentially a damper.   
Given the results above, and namely the evaluation of the dynamic characteristics of every class of bearings, a 
direction of further development can be clearly marked as the development of the bearing with various operation 
modes. Every mode corresponds to a certain design: acceleration, rotation until some specific speed – to single-foil 
bearing; further increase of the rotational frequency – to a multi-foil bearing; if the speed reduces, the sequence is 
reversed. This allows harvesting all the advantages and eliminating all the disadvantages of the previous generations 
of the bearings. 
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